We present the design, construction, calibration, and software development of a temperature monitoring system for resistance standards. The system supports 19 temperature probes. Over the range 295.15 K to 299.15 K (22 °C to 26 °C), we report an expanded uncertainty (k = 2) of 9 mK. With the addition of a calibrated standard reference thermometer and a programmable oil bath, the system was used to automatically calibrate the temperature probes over this 4 K range. In continuous operation, this system supplies a constant current to thermistor temperature probes and a reference resistor, and it measures the voltage across them. The ratio between each of the probe voltages and the reference voltage is multiplied by the reference resistance to determine the resistance of each probe. To reduce systematic errors, voltage measurements are taken with the current running in alternating directions. Finally, using the Steinhart-Hart model, the probe resistances are converted to their corresponding temperatures and recorded to a secure network drive. If a probe reads a temperature outside of the desired temperature range for its location, an email alert is sent to all the staff who work in the laboratory. An additional message will be sent to facility services if the probe is measuring the room temperature in the laboratory. The system was developed for the NIST resistance laboratory, but it could easily be duplicated for use in any laboratory environment where continuous temperature monitoring in multiple locations with expanded uncertainty (k = 2) of 9 mK is needed.
Introduction
The National Institute of Standards and Technology (NIST) Metrology of the Ohm Project is responsible for maintaining resistance standards and providing resistance calibrations to support the scientific and industrial foundations of the U.S. economy, as well as continuing to develop new resistance measurement techniques with greater accuracy. The expanded uncertainties (k = 2) associated with these calibrations range from 0.04 μΩ/Ω to 100 μΩ/Ω over 20 decades of resistance measurement. When measuring resistance to these uncertainty levels, temperature variations, even on the order of 20 mK, can have a significant impact, as shown in Fig. 1 . In light of this, the resistance standards are measured in temperature-controlled oil and air baths. Ten individual resistance measurement systems monitor temperature during resistance calibration, but no system previously existed to continuously monitor the temperature of these critical locations and provide notification if they have drifted outside the desired temperature ranges [1, 2] . This new infrastructure is designed to alert staff of failure of the building's climate controls or an individual bath, which previously could have taken an extended period of time to discover. Additionally, the system allows continuous tracking of the bath(s) temperatures in the case of such an event. To better manage temperature problems in the resistance laboratory, we chose to design and install a temperature monitoring system capable of:
1. continuous operation, 2. data logging, 3. monitoring up to 20 locations, 4. achieving a 50 mK resolution, and 5. sending email alerts. Continuous operation and data logging are required because we desired a complete log of bath and laboratory temperature. Currently, there is a need to monitor the temperature in 15 baths as well as 3 locations in laboratory, so a capacity to support 20 probes meets present needs and allows for future expansion. Individual resistance measurement systems are used to record temperatures that allow precise temperature corrections to the value of standard resistors, and to maintain fine temperature control as required, from ±25 mK down to ±3 mK. The main purpose of the temperature monitoring system is to alert the laboratory staff of a bath control failure or a heating, ventilation, and air conditioning (HVAC) failure. Therefore, if the system is going to identify when a bath's temperature controller has failed, it must be able to achieve a 50 mK resolution, meaning that the uncertainty of its temperature measurements must be much less than 50 mK. Finally, email notifications are a required feature so that the laboratory personnel may be alerted to conditions in the laboratory even when not physically present.
Theory
Negative temperature coefficient (NTC) thermistors are resistors made from semiconducting elements that are designed to have a predictable dependence on temperature. As temperature increases, more charge carriers become available, causing a decrease in resistance. This allows NTC thermistors to be used as thermometers because their change in resistance is inversely related to temperature [3] . In principle, all that is required to use a thermistor to measure temperature is to measure its resistance once the resistancetemperature curve has been determined. Direct-current resistance measurements are performed with low applied current to avoid self-heating in the thermistor, which is clearly undesirable. To avoid this issue, our system measures the voltage drop across a thermistor probe, which in combination with the voltage drop 3 https://doi.org/10.6028/jres.122.045 across a resistance standard in series with the probe, can be used to calculate its resistance. These measurements are performed in a four-terminal configuration, where a constant current is supplied across the voltage leads, and the sense leads are used to measure voltage [4] . Figure 2 shows the resistance standard and the thermistor probes connected in series with the constant-current source. (
From here, Rprobe can be written in terms of Vprobe, Vref, and Rref as
Determining Rprobe depends only on measuring Vprobe and Vref, given that Rref is known. The current is reversed after each set of Vprobe and Vref measurements is made to determine Rprobe for both polarities and to cancel the effect of thermal electromotive forces. In this way, we have reduced the temperature measurement to a voltage measurement that can be easily and precisely performed by many commercially available instruments. Adding more temperature probes to the system can be accomplished by placing additional probes in series with the reference. Our system has the capacity to place 19 probes in series with the reference resistor.
Instrumentation
To implement the measurement technique discussed in the previous section, we assembled the instrumentation shown in Fig. 3 . The system is centered around the 20 channel junction box, designed and built at NIST, into which all of the probes and the reference resistor are connected. One channel is dedicated to the reference resistor, leaving 19 channels for the thermistor probes. A constant-current source supplies a 10 μA current to all of the channels of the junction box in series. Voltage measurements of the probes and the reference resistor are made using an 8 ½ digit digital voltmeter (DVM). The channel to be measured is connected to the DVM using a standard cell scanner for switching. The final component of the system is a current reverser, also designed and built at NIST, that allows voltage measurements to be made with the applied direct current in alternating directions, which reduces systematic error. A general purpose interface bus (GPIB) provides the system control to the DVM and scanner. The external output of the DVM controls the current reverser. Measurement, current, and control paths are shown in Fig. 3 .
Rprobe_1
Rprobe_2 The thermistor probes used for this system have a nominal resistance of 30 kΩ at 25 °C and a typical temperature coefficient of −130 Ω/°C at 25 °C. The thermistor probes are package in stainless-steel sheaths, and the manufacturer specification is ±0.15 °C accuracy and interchangeability without calibration. The maximum current for these thermistor probes is 625 µA, so self-heating at 10 µA is negligible. The reference resistor used is a 10 kΩ standard resistor placed in an oil bath at 25.000 ± 0.001 °C. 
Theory of Operation
Measuring the resistance of a probe requires the system to measure the voltage across the probe in question and across the reference resistor. To do this, the scanner first connects the probe's channel to the DVM, which then makes five voltage measurements. The external output of the DVM then triggers the current reverser to change the direction of the current with a square pulse. The DVM then makes five more measurements of the probe voltage. The scanner then connects the reference resistor to the DVM, and the same process is used to measure its voltage. The average of each of two sets of ten measurements is then used, along with the resistance of the reference resistor, to compute Rprobe using Eq. (2). The required instrument control and data acquisition are provided over a GPIB by a computer running a LabVIEW script. 
Current Reversal
To ensure the greatest accuracy possible, it is necessary to make voltage measurements with current running in alternating directions. To incorporate this into the system, an automated reversal of the direction of the current was required. We chose to realize this with the circuit shown in Fig. 4 . Here, a D-type flip flop is used as a divide-by-two counter by introducing a feedback loop from � to D. The clock is driven by the external output of the DVM, and the output Q is sent to the control pin of a MAXIM 4526 phase reversal integrated circuit [5] . The result is that whenever the clock sees a rising edge from the DVM, the logic value of Q is switched, causing the MAXIM 4526 to change state, thereby reversing the direction of current. 
Calibration
We have established how the system will measure the resistance of a probe, but not how to convert these resistances to temperature. Mapping resistances to their corresponding temperatures requires a calibration between the two quantities. The standard method for calibrating thermistors is to use the Steinhart-Hart equation [6, 7] ,
which gives temperature T as a function of resistance R of the thermistor, and the four so-called SteinhartHart coefficients A, B, C, and D. If these coefficients are known, then the temperature associated with any resistance can be calculated. To determine the Steinhart-Hart coefficients, two additional components are required, an oil bath and a calibrated temperature probe. The oil bath is used to hold the probes to be calibrated at fixed temperatures. The calibrated probe is used as a temperature standard to accurately measure the stable temperatures provided by the bath. This allows for probe resistance to be measured as a function of temperature by varying the set point of the oil bath. Since the air and oil baths for resistance calibration are held at 23 °C and 25 °C, respectively, we chose to calibrate the probes over a 22 °C to 26 °C interval. Resistance measurements were made in whole degree increments of temperature over this range, using the same measurement technique as described earlier. A linear least squares fit was then used to fit Eq. (3) to the five calibration points to determine the Steinhart-Hart coefficients, as shown in Fig. 5 . In practice, C is small when compared to the other coefficients, and in most cases, this makes the C ln 2 term negligible. In light of this, we chose to ignore the contribution of this term and only determine A, B, and D from the fit. For this narrow temperature range of 4 °C, the value of D ln 3 R term could have been ignored as well, but it was kept in the analysis to permit accurate curve fitting over wider temperature ranges for future applications with the same software and system. 
Uncertainty Analysis
After calibration, the system is able to measure probe resistance and map it to temperature. The final step in the construction of this system was to find the uncertainty of these temperature measurements to determine whether the system could resolve the required 50 mK range. Temperature measurements depend on four quantities: the three Steinhart-Hart coefficients, A, B, and D, and resistance R. To analyze this propagation of the error problem, we considered the following covariance matrix
where the elements represent the covariance between the two quantities shown in subscript. The choice of a coefficient depends on the other coefficients and not R. Likewise, the measurement of R does not depend on the coefficients. This is why all of the covariances with respect to R are zero. To compute σk, the uncertainty of k ≡ 1/T, we introduce the vector
This allows us to write:
Now, applying standard error propagation, we find that
and where σTcal is the calibration uncertainty in T. For a complete uncertainty, we must also consider the error introduced by the temperature standard used in the calibration. Therefore, the total uncertainty σT is given by
(9) Figure 6 shows the results of this uncertainty analysis at each of the five calibration points for one of the probes. Across many calibrations, we found that σT is largest for the calibration at 22 °C and 26 °C, and at the points of primary interest, 23 °C and 25 °C, σT < 9 mK expanded uncertainty (k = 2) [8] . 
Software
The control systems for both temperature measurement and calibration were written in LabVIEW. The program first interfaces with the previously described instrumentation via a GPIB bus. When the system is being used for temperature monitoring after measuring the resistance of a probe, the temperature is calculated using the probe's Steinhart-Hart coefficients. This value is then displayed and saved to a secure networked drive. If the temperature measured is outside the allowed temperature range for the probe's location, an alarm will sound over the computer's speakers, and an email notification will be sent to all members of the project. The system also supports an additional list of facility services email addresses. In the case where a probe measuring the ambient temperature of the laboratory indicates that the laboratory temperature has drifted outside its specified range, facility services and laboratory personnel will be alerted to the problem. The frequency at which emails are sent has been limited to one per hour.
When the system is being used to calibrate probes, in addition to measuring resistance, the temperature of the reference probe is recorded. These values along with their standard deviations are written to file. Once the calibration measurements have been completed, a Python script performs the linear least squares fit and covariance matrix computations to generate a report including the Steinhart-Hart coefficients and uncertainty in a temperature measurement at each of the calibration points. Figure 7 shows part of the interface for the temperature monitoring system. The fields on the left side are for general system information, including the GPIB addresses of the DVM and scanner, temperature log file location, resistance and channel of the reference resistor, and email lists for laboratory and facility services recipients. Each probe channel has its own control panel with two tabs. The front tab (shown for channels 1 and 2) has controls allowing the user to turn the channel off, indicate the probe's location, input the allowed temperature range of this location, specify if the probe is measuring a bath or laboratory temperature, and mute its audio alarm. The last temperature recorded from the probe is also displayed on this tab along with two status indicators, one indicating the probe is currently being measured and the other indicating if the probe is within its desired range. The back tab (shown for channel 3) is for the calibration parameters, and it is where a probe's serial number and Steinhart-Hart coefficients can be entered. Channels 4 through 20 (not shown) fill the remainder of the screen to complete the interface. Since initial deployment, only minor problems in its operation have occurred. The most notable of these was an intermittent issue with the scanner. It was discovered that the scanner would occasionally fail to latch, resulting in an error in the voltage measurement. This bug was eliminated with a software patch that used an error handling routine to ensure that relays were latched.
Conclusion
A temperature monitoring system was built and installed that continuously operates, monitors temperature in up to 19 locations, logs temperature data for each location, measures temperature with an expanded uncertainty (k = 2) of less than 9 mK, and has the function of sending email alerts when temperature limits are exceeded. With the addition of a reference thermometer and an oil bath, the system can also be used to calibrate the thermistor probes that measure temperature during normal operation. The Steinhart-Hart coefficients have been determined to characterize individual probes for resistance as a function of temperature. Voltage measurements are used to determine the probe resistance, which is then converted to temperature using the Steinhart-Hart coefficients. The uncertainty of the calibrated probes has been determined using a covariance matrix to evaluate the standard error of propagation with an expanded uncertainty (k = 2) of less than 9 mK for the temperature range 22 °C to 26 °C. A Python script performs the linear least squares analysis, and for each probe calibration, it generates a test report that includes the Steinhart-Hart coefficients and uncertainty for each calibration temperature. During its 27 months of continuous operation, the system behaved appropriately during a planned HVAC outage in the building and successfully identified several failures of bath temperature controllers and power supplies, allowing timely 9 https://doi.org/10.6028/jres.122.045 corrective action to be taken by NIST staff. Besides resistance laboratories, this system has applications in other laboratory and industrial environments, where continuous temperature monitoring and automated alarms in multiple locations are required.
